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Scattering of 8He from 4He has been performed through the coincident detection of the scattered 
particles using a silicon array within a helium-4 gas volume with a 8He beam. This permitted the 
reconstruction of the interaction probability as a function of position within the gas and hence 
the excitation function to be calculated together with the angular distribution of the products. 
These measurements also enabled the reconstruction of the two-neutron transfer to 6He+ 6He. The 
measurements provide the ﬁrst characterisation of the scattering of the α + 4n, 8He, halo nucleus 
from 4He and the 2n-transfer to populate the symmetric ﬁnal state. The results indicate the presence 
of a L = 4 component at excitation energies of 14–15 MeV, consistent with a broad (∼ 1 MeV) 
Jπ = 4+ resonance. These measurements would agree with generalized two-centre cluster model (GTCM) 
calculations indicating a cluster, or molecular, structure predicted at this energy.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.The possibility that nuclei can mimic atomic systems is an in-
triguing one. In covalently bound atomic systems electrons are 
exchanged in delocalized orbits. It has been suggested [1] that for 
the beryllium isotopes the exchange of valence neutrons between 
α-particle cores may occur in a similar fashion. Indeed, in the 
case of 9Be the ground-state ( Jπ = 3/2−) and ﬁrst excited 1/2+
states possess rotational bands which may be characterised in 
terms of π and σ -covalent orbitals [1]. The most dramatic exam-
ple comes from the characterisation of the excited states of 10Be, 
where two neutrons in σ -orbits reside between the α-particles 
and, owing to the Pauli Exclusion Principle, increase the separa-
tion of the α-particles to form perhaps the most deformed nuclear 
state presently known [2].
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SCOAP3.The case of the even more exotic 12Be has yet to be resolved; 
here 4 neutrons can be covalently exchanged. Even in the ground-
state the N = 8 shell closure is broken, with the state being de-
formed due to the presence of clustering [3,4]. The earliest mea-
surements of inelastic breakup of 12Be [5,6] observed a series of 
states (albeit with limited statistics) that decayed into 6He+ 6He 
and 4He+ 8He. The angular correlation studies had suggested pos-
sible spin assignments [6]. Later measurements [7] found evidence 
for some of these states, though the agreement was only partial 
and the states appeared to be quite broad (1 MeV). Most recently 
a measurement of the 12C(12Be,6He+ 6He) reaction has been per-
formed at IMP-Lanzhou [8] that identiﬁed additional lower energy 
states with potential molecular character.
From the theoretical perspective there is some guidance as to 
the structures expected above the 6He and 4He decay thresholds in 
12Be of 10.1 and 8.9 MeV, respectively. In particular, the two-centre 
cluster model calculations of Ito et al. [9,10] provide a strong ba-
sis for the interpretation of resonances in this region in terms of 
their molecular, or cluster, behaviour. These calculations simulate 
the scattering of 8He from 4He and include the inﬂuence of the 
cluster and molecular states in 12Be. The challenge is to provide  under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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further experimental evidence for the inﬂuence of such resonances 
in the excitation energy region in which the molecular resonances 
are predicted.
Here we present measurements of the 8He+ 4He elastic scat-
tering and the 2n transfer reaction in which we identify potential 
resonant contributions and characterise the spin of one of the 12Be 
resonances. These measurements involve a low intensity 8He beam 
and a gas target at the limit of the experimental technique. More-
over, they provide a precision measurement of the elastic scatter-
ing angular distributions and the two-neutron transfer cross sec-
tion. This reaction is of particular interest as in atomic systems 
two-electron transfer or exchange through the inﬂuence of cova-
lent orbitals has been demonstrated to have a strong inﬂuence on 
the energy dependence of the atomic scattering reaction [11]. The 
present system, as illustrated by the two-centre cluster model cal-
culations of Ito et al. [9,10], is a direct analogue of the atomic 
system. Moreover, these data provide an interesting test of the 
scattering of the α + 4n, 8He, halo nucleus from a target which 
is the halo core.
A pure 8He (T1/2 = 119 ms) beam was produced by the SPIRAL 
facility at GANIL with an intensity of 5–6 ×104 pps. Beams of ener-
gies 20 and 24 MeV transited a Mylar foil window into the ECLAN 
reaction chamber which was ﬁlled with high purity helium-4 gas 
maintained at pressures between 1000 and 1400 mbar. Two My-
lar windows of thickness 23 μm and 36 μm were used to vary the 
incident beam energy. The energy loss of the beam through the 
windows was, for the 20 MeV beam, 1.73 MeV and 2.76 MeV for 
the thin and thick windows respectively, and for the 24 MeV beam 
1.49 MeV and 2.37 MeV. As the 8He energy loss within the gas is 
relatively small and the experimental gas pressure was limited to 
1400 mbar this variety of measurements were required in order to 
probe a suﬃciently large range of 12Be excitation energies.
The experimental arrangement was very similar to that de-
ployed in Ref. [12] and is shown in Fig. 1. Within the gas vol-
ume there were two arrays of large-area, segmented, silicon de-
tectors composed of YY1 wedge shaped detectors [13], which 
were 500 μm thick. Each array was formed from 6 detectors in 
a “lampshade” type conﬁguration [14]. Two such lampshade ar-
rays, Lamp1 and Lamp2, were arranged within the gas at 15.0(5) and 25.5(5) cm from the window. The inclination of these detec-
tors from the beam axis was 46◦ . The detectors covered angles, 
measured with respect to the window, of 13.0 to 39.0◦ (Lamp1) 
and 7.5 to 21.0◦ (Lamp2). Beyond the two lampshade detector ar-
rays was a small (2 cm diameter) silicon monitor detector which 
was used to record the integrated number of beam particles – the 
range of 8He at energies close to 20 MeV and the present gas pres-
sures is in excess of 1 m. The energy resolution averaged over all 
of the strips of the silicon detectors was ∼ 150 keV (FWHM). Four 
combinations of beam energies, window thicknesses and gas pres-
sures were used; i) 24 MeV, 23 μm, 1000 mbar, ii) 24 MeV, 36 μm, 
1000 mbar, iii) 20 MeV, 36 μm, 1400 mbar and iv) 20 MeV, 23 μm, 
1200 mbar. The data were normalized through the integrated yield 
in the monitor. This was cross checked against the calculated beam 
exposure and an analysis of scattering from the chamber entrance 
window into the Lamp detectors. From this comparison the uncer-
tainty in the normalisation is, in the worst case, 30%. This uncer-
tainty is reﬂected in the yields shown in Fig. 4. The main issue 
with the beam normalisation is that the multiple scattering of the 
beam in the gas resulted in only a fraction of the beam being in-
cident on the zero degree monitor.
As the beam passes through the gas volume covered by the sil-
icon array, losing energy through collisions with the gas, it traces 
out an excitation function, i.e. the energy within the centre-of-
mass (c.m.) frame varies with the location in the chamber. This 
also means that the equivalent energy of the composite, 12Be, sys-
tem is varying. The energy loss over the path length imaged by the 
detectors (25 cm path length for singles detection events and 19 
cm for coincidences) is typically small, ∼ 2.5 MeV, which corre-
sponds to a variation in the c.m. frame of only ∼ 830 keV. The 
present set of measurements sample the 12Be excitation energy 
range 13.7 to 16.4 MeV.
The approach used to reconstruct the events of interest was 
to detect the elastically scattered 4He and 8He in coincidence on 
opposing sides of the beam axis. Such events were clearly identi-
ﬁed by plotting the detected energy of one particle against that of 
the other. For elastic scattering energy is conserved. Reactions in-
volving inelastic scattering to the 8He ﬁrst excited state, which is 
unbound to neutron decay, lead to a four-body ﬁnal state which 
washes out the kinematics and hence cannot be clearly distin-
guished. Conversely, two-neutron transfer to produce 6He+ 6He 
(Q = −1.17 MeV) may also be observed as a 2-body coincidence. 
Coincidences were possible between all of the Lampshade detec-
tors, i.e. 1-1, 1-2 and 2-2 (e.g. a 2-2 coincidence is shown in Fig. 1).
By initially assuming an average interaction point it was pos-
sible to estimate the c.m. energy for the 4He− 8He system. As-
suming the ﬁrst detected particle was 4He and the second 8He, 
an energy loss incurred by the particles in traversing the gas from 
reaction to detection point was used to correct the detected en-
ergy. In turn, the corrected energies of the 4He− 8He nuclei and 
the assumed c.m. reaction energy may be used to calculate the 
c.m. angles and the laboratory emission angles for both particles. 
For correctly identiﬁed coincidences and assumed particle masses 
(there is no explicit particle identiﬁcation) the c.m. angles sum to 
180◦ . This was then used as an event selection criteria.
Further, as shown in Fig. 1, it is possible to use the laboratory 
scattering angles, calculated in this manner, and the angle and dis-
tance of the strip measured from the window, θw , to calculate the 
distance at which the reaction takes place from the window, dw . 
This may be calculated for both particles – and then compared. 
This analysis is presented in Fig. 2. The distance from the win-
dow, d, can be calculated from the reaction kinematics and the 
measured particle velocity (for particle 1, m1, with complementary 
particle m2), v1lab , the angle of the particle measured from the 
60 M. Freer et al. / Physics Letters B 775 (2017) 58–62Fig. 2. (Colour online.) The interaction distance calculated for the two detected par-
ticles. Events on the diagonal correspond to the correct identiﬁcation of the two 
particles as 1 = 4He and 2 = 8He (selected using the gate shown). Events where 
the identiﬁcation is incorrect, i.e. 2 = 4He and 1 = 8He lie away from the diago-
nal. The data are for: Ebeam = 24 MeV, window thickness 36 μm and gas pressure 
1000 mbar.
window, θ1w , and the distance of that detector element from the 
window, d1w :
v1cm =
√
2m2Ebeam
(m1 +m2)2 , (1)
θ1lab = cos−1
(
v2cm + v21lab − v21cm
2vcmv1lab
)
, (2)
and
d1 = d1w sin(θ1lab − θ1w)
sin(π − θ1lab) . (3)
Here Ebeam is the beam energy and vcm is the centre-of-mass ve-
locity. The centre-of-mass emission angle follows as
θ1cm = cos−1
(
v21cm + v2cm − v21lab
2vcmv1cm
)
. (4)
Events in which the detected particles masses have been cor-
rectly identiﬁed as 1 = 4He and 2 = 8He lie on the diagonal and 
are selected by the gate shown (red box). Those events lying out-
side the window were then assumed to be particle 1 = 8He and 
2 = 4He and the analysis repeated, with again correctly identiﬁed 
events selected by the gate shown.
For events selected in the above manner, it was possible to plot 
the average distance, d = (d1 + d2)/2, at which the reaction took 
place in the chamber against the average c.m. angle (calculated 
from the values determined from the coincident particles). Note 
that the distance is equivalent to the excitation energy, with the 
highest excitation energy corresponding to smaller distances. Two 
examples of such plots are shown in Fig. 3. The experimental data 
(left panels) show three broad regions as a function of distance 
from the window (0 being the window). Coincident events with 
both particles in Lamp1 lie in the region between 0 and 80 mm. 
At about 100 mm the particles are detected separately in Lamp1 
and Lamp2 and then at distances larger than 125 mm the two 
particles are detected in Lamp2 (as illustrated in Fig. 1).
Fig. 3 also shows the results of simulations assuming isotropic 
angular and energy distributions and including the energy losses Fig. 3. (Colour online.) Average distance plotted against the average centre-of-mass 
angle of the 4He nucleus (θcm), for the parameters a) Ebeam = 24 MeV, window 
thickness 36 μm and gas pressure 1000 mbar and c) Ebeam = 20 MeV, window thick-
ness 23 μm and gas pressure 1200 mbar. Plots b) and d) are the simulations of a) 
and c), respectively.
and detection processes, which show the acceptances expected 
for the measurements. These simulations also include the miss-
ing strips which may be seen (reduced eﬃciency) to produce fea-
tures in the data at large distances. The Monte Carlo simulations 
show that it would have been possible to reconstruct resonances 
with a width of 50 keV. Hence it can be concluded that within 
the energy range sampled the data show no indication of narrow, 
50–100 keV, resonances. It may be noted that the data exhibit a 
deﬁcit of counts with respect to the simulations most notably at 
θcm(
4He) = 75◦ . This is due to a minimum in the angular distribu-
tions associated with the 8He+ 4He scattering (see below).
The data integrated over the centre-of-mass angular range 
80–120◦ (the region of the maximum in the angular distributions), 
normalized by the beam exposure and the calculated detection 
eﬃciency, is shown in Fig. 4. The error bars here reﬂect the un-
certainty in the beam normalisation described earlier. There are 
12 data points for the 8He+ 4He data corresponding to the 4 dif-
ferent experimental conﬁgurations and the three regions seen in 
Fig. 3. For the 6He+ 6He channel there are only 4 data points as 
only one of the regions in Fig. 3 could be analysed due to the 
high backgrounds in the other two (see later). Note that it was 
diﬃcult to calculate total cross sections for the yield as this re-
quires an extrapolation beyond the present angular range. Hence 
only the differential cross sections are presented in Figs. 5 and 6. 
The experimental angular distributions provide a strong charac-
terisation of both the elastic 2n transfer reactions, which may be 
used to constrain reaction model calculations of this exotic system. 
Here, though, we focus on the potential resonant behaviour of the 
8He+ 4He reaction.
The data in Fig. 4 have been compared with a line-shape for 
two resonances at 13 and 15 MeV, with widths of 1 MeV and 
amplitudes to match that found for the 8He+ 4He channel in 
Ref. [7]. The data are consistent with the peaks observed in the 
earlier measurements [6,7], which identiﬁed resonances at 12.8 
and 15.5 MeV [7], though would indicate the latter peak lies closer 
M. Freer et al. / Physics Letters B 775 (2017) 58–62 61Fig. 4. (Colour online.) The experimental yields, corrected for the detection ef-
ﬁciency, for the 8He+ 4He reaction (black circles) and 6He+ 6He reaction (red 
squares) compared with resonance proﬁles with two non-interfering resonances at 
13 and 15 MeV (see text) with widths () of 1 MeV (solid-green line). The L = 2
(blue-dashed line) and L = 4 (black-dashed line) strength from the GTCM calcula-
tions are shown [10].
Fig. 5. (Colour online.) Angular distributions for the 4He(8He,4He)8He elas-
tic scattering reaction for the excitation energy ranges a) 15.9–16.4 MeV and 
b) 14.3–15.0 MeV. The ﬁt (red-line) corresponds to the functional form given in 
Eq. (5) with Lmax = 4. Uncertainties in the amplitudes are typically 0.3. The blue 
lines correspond to |P4(cos(θcm)|2 distributions. The lower energy data follow more 
closely the trend of the L = 4 Legendre polynomial.
to 15 MeV. However, it should be noted that the present mea-
surements strictly only demonstrate enhanced yield at the lower 
energy compared with the higher c.m. energy.
The angular distributions for the excitation-energy intervals 
14.3–15.0 MeV and 15.9–16.4 MeV are shown in Fig. 5. The uncer-
tainties shown are statistical uncertainties and the uncertainty in 
the absolute value of the differential cross section is expected to be 
up to 30%. The angular distributions, as revealed in Fig. 3, display 
a diffractive behaviour with a deep minimum at θcm  75◦ . What 
is also noticeable is that the maximum in the centre of the ex-
perimental acceptance shifts to smaller angles for the lower beam 
energy (Fig. 3c) compared to the higher beam energy (Fig. 3a).
Following an approach which is similar to the phase shift anal-
ysis performed for 4He+ 4He elastic scattering data [15], these 
4He+ 8He elastic scattering data have been ﬁtted with a partial 
wave analysisTable 1
The values of χ2/dof for the ﬁts as a function of the maximum angular momentum, 
Lmax , of the ﬁts to the data shown in Fig. 5.
Excitation energy (MeV) Lmax = 2 Lmax = 3 Lmax = 4 Lmax = 5
14.3–15.0 6.1 6.3 1.4 1.4
15.9–16.4 2.4 0.8 0.8 0.7
Table 2
The amplitudes, aL , used in the ﬁt of the angular distributions shown in Fig. 5 and 
used in Eq. (5) at the lower and higher excitation energies. The ratios of the ampli-
tudes at the two energies are also given.
Excitation energy (MeV) L = 0 L = 1 L = 2 L = 3 L = 4
14.3–15.0 5.89 25.03 17.42 12.86 21.11
15.9–16.4 5.48 14.64 13.08 12.28 8.78
Ratio 1.07 1.71 1.33 1.05 2.41
W (θ) =
∣∣∣∣∣
Lmax∑
L=0
aLe
iϕL P L(cosθ)
∣∣∣∣∣
2
(5)
where the aL are the amplitudes of the Legendre polynomials P L
and ϕL corresponds to the relative phase. Lmax is the highest par-
tial wave considered. The amplitudes then reﬂect the contribution 
from each partial wave.
The ﬁts to experimental data for the low (14.3–15.0 MeV) and 
high (15.9–16.4 MeV) ranges corresponding to the two angular dis-
tributions are given in Tables 1 and 2. What is evident from the 
ﬁts to the data (Table 1) is that at low energies the ﬁt continues 
to improve up to Lmax = 4, whereas at the higher energy it is al-
ready converged for Lmax = 3. This indicates that higher angular 
momenta components are important at the lower energy than at 
the higher energy. The angular distributions in Fig. 5 are shown 
with the ﬁt corresponding to Lmax = 4 and the amplitudes aL are 
given in Table 2. The ratios of the amplitudes between the ﬁts at 
low and high energies indicates that the L = 4 amplitude is the 
one which is most strongly enhanced at lower energies, signalling 
the importance of this partial wave in describing the enhanced 
cross section.
This behaviour is also seen from the diffractive behaviour of the 
angular distributions. The lower energy data, Fig. 5b, has a diffrac-
tive behaviour which sees the maximum and second minumum 
shift to smaller c.m. angles, similar to a Legendre polynomial of 
order 4. This would be consistent with an enhanced L = 4 contri-
bution. Both characteristics may be traced to the additional L = 4
contribution. It should be noted that from an elastic scattering per-
spective that the opposite behaviour would be expected, i.e. higher 
L-values should play a stronger role at higher energy, and this 
points to a resonance contribution, mirroring the enhanced yield 
observed in Fig. 4.
It is also possible to extract from the coincidence measurements 
yields and angular distributions for the 4He(8He,6He)6He reaction; 
Q = −1.17 MeV. This reaction is well separated from the elastic 
scattering reaction by virtue of the different sum energy of the two 
products and the different kinematics. However, the yield is sig-
niﬁcantly smaller than that of the elastic channel. The signiﬁcant 
background, from scattering from the window, in the coincidence 
spectra for the coincidences 1-1 and 1-2 meant it was not pos-
sible to unambiguously extract the 6He+ 6He ﬁnal state in those 
cases. However, the background for the combination 2-2 was close 
to zero. Fig. 6 shows the 6He+ 6He angular distributions for these 
2-2 coincidences.
For the 6He+ 6He ﬁnal-state, it is clear that the angular dis-
tributions are very different at the two excitation energies, Fig. 6a 
(Ex = 15.7 and 16.0 MeV) and Fig. 6b (Ex = 14.4 MeV). The angular 
62 M. Freer et al. / Physics Letters B 775 (2017) 58–62Fig. 6. (Colour online.) Angular distributions for the 4He(8He,6He)6He reaction for 
the excitation energy ranges a) 16.0 (blue points) and 15.7 (black points) MeV and 
b) 14.4 MeV (data points). The ﬁt (red-line) corresponds to the functional form 
given in Eq. (5), with Lmax = 4. b) additionally exhibits the oscillations of Legen-
dre Polynomials of order 2 (dashed-green line) and 4 (solid-green line). The central 
maximum is characteristic of L = 4.
range at lower energies is limited by the detection energy thresh-
old. At higher energies the distributions are forward-backward an-
gle peaked, whereas at lower energy they peak at θcm = 90◦ . Given 
that the ﬁnal state consists of symmetric spin zero bosons, only 
the even partial waves contribute. The symmetric ﬁnal state means 
that the angular distributions should be symmetric about 90◦ . It is 
clear that there is a stronger yield at the lower energy, both from 
the normalised yields shown in Fig. 4 and the differential cross 
sections shown in Fig. 6. It should be noted that the limited range 
of the angular distributions (particularly in Fig. 6b) and the limited 
statistics allows for a variety of ﬁts with similar χ2 with differ-
ent partial wave amplitudes and hence unique conclusions as to 
the partial wave contributions could not be reached for these data. 
However, the narrow width of the central maximum in the angular 
distributions appears to be more consistent with L = 4 as opposed 
to L = 2 (Fig. 6b). Measurements over a wider angular range would 
be required to conﬁrm these conclusions for the transfer channel.
We therefore conclude that the present data indicate that 
i) there are no strong narrow (∼ 50–100 keV) 4He+ 8He reso-
nances in the energy intervals explored, ii) there is enhanced yield 
close to Ex = 14–15 MeV for both the reactions probed, compared 
with 16 MeV, and iii) this is characterised by an increased L = 4
component in both the elastic scattering and two-neutron transfer 
with a width of ∼ 1 MeV or less. This would suggest that a reso-
nance of L = 4 in 12Be plays a role in the scattering process at this 
energy.
Finally, we compare in Fig. 4 the present results to the gen-
eralized two-centre cluster model (GTCM) calculations of Ito [10], which predict that 4+ states linked to cluster or molecular struc-
tures should lie in the region 13.4 to 17.4 MeV. In particular, 
a strong peak in the L = 4 component of the 4He+ 8He scatter-
ing cross section is predicted at ∼ 15.2 MeV (width ∼ 1.5–2 MeV), 
which involves the crossing of two bands with 6He+ 6He and 
4He+ 8He structure. The present measurements agree with the 
calculations but suggest that this L = 4 strength lies at slightly 
lower energy and has a narrower width. Noticeably, the L = 2
strength in the calculations is in anti-phase with the L = 4 com-
ponent, with the higher energy component probably lying outside 
the range of the present measurements. This agreement between 
experiment and theory suggests the molecular/cluster like struc-
ture of 12Be in this excitation energy region [16]. However, it is 
clear that further work, both experiment and theory, is required.
In summary, the present measurements provide a high statis-
tics determination of the angular distributions for the two reac-
tions 4He(8He,4He) and 4He(8He,6He). These angular distributions 
and the variation in experimental yield with energy indicates a 
Jπ = 4+ resonance in the region Ex = 14–15 MeV with a width of 
∼ 1 MeV. The observed energy, width and spin coincide strongly 
with GTCM calculations that predict exotic cluster states in this re-
gion. The present measurements indicates that this 12Be resonance 
decays to both the 4He+ 8He and 6He+ 6He ﬁnal states. The an-
gular distributions of the present measurements may also serve as 
a constraint of the validity of the generalized two-centre cluster 
model (GTCM) calculations and indeed an interesting test for those 
wishing to model the intriguing system in which the halo 8He nu-
cleus is scattered from a nucleus which is the core of the halo.
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